h i g h l i g h t s
Phosphate adsorption affinity is proportional to the mesoporous area of the adsorbents. Ferrihydrite nanoparticles are formed on GAC using KMnO 4 . Iron oxide coating is not evident in the micropores of GAC. Manganese loading is an important intermediary step in coating iron oxide. 
g r a p h i c a l a b s t r a c t a r t i c l e i n f o

b s t r a c t
Adsorption is often suggested for to reach very low phosphate levels in municipal wastewater effluent and even to recover phosphate. Adsorbent performance is usually associated with surface area but the exact role of the pore size distribution (PSD) is unclear. Here, we show the effect of the PSD on phosphate adsorption. Granular activated carbons (GACs) with varying PSDs were treated with potassium permanganate followed by reaction with ferric chloride to form iron oxide coated GACs (Fe-GACs). Energy dispersive X-ray and kinetics experiments confirmed that manganese anchored on the GAC is important for subsequent iron attachment. Mössbauer spectroscopy showed presence of ferrihydrite in Fe-GAC. Transmission electron microscopy showed that the iron oxide particles are not present in the micropores of the GACs. Phosphate adsorption isotherms were performed with the Fe-GACs and adsorption at lower phosphate concentrations correlated with the porous area of >3 nm of the adsorbents, a high fraction of which is contributed by mesopores. These results show that high surface areas of GACs resulting from micropores do not contribute to adsorption at low phosphate concentrations. This can be explained by the micropores being difficult to coat with iron oxide nanoparticles, but in addition the diffusion of phosphate into these pores could also be hindered. It is therefore recommended to use backbones having high mesoporous areas. This information is useful for developing adsorbents particularly for applications treating low phosphate concentrations, for e.g. in municipal wastewater effluent polishing. 
Introduction
Phosphorus is an essential nutrient for life. phosphate in municipal wastewater treatment plants [1, 2] . In water bodies such as lakes and rivers, the presence of excess dissolved phosphate, especially as inorganic orthophosphate (we refer to this as phosphate henceforth), leads to algal bloom/eutrophication [3] . This affects the water quality and hence the ecosystem. Adsorption is often suggested as an effluent polishing step to keep the phosphate discharge from municipal wastewater treatment plants down to very low concentrations [4, 5] . Iron (hydr)oxides have regularly been used as phosphate adsorbents due to their good binding capacity with phosphate [6, 7] . In order to facilitate recovery of adsorbent particles, increase their stability and enhance the surface area (and hence the adsorption), adsorbents are coated onto granular materials [5, 8, 9] . One such backbone on to which iron oxide can be coated is granular activated carbon (GAC). Activated carbon is becoming an essential component in water treatment facilities due to its ability to adsorb several contaminants from water. This includes micropollutants, organic compounds, odour and color removal [10] [11] [12] . Activated carbon has a huge surface area, is relatively cheap, and in the form of granules (GAC) it offers the possibility for regeneration and reuse [10] . The need for increasing affinity of activated carbon towards specific contaminants has led to studies on its surface modification [13] . It is coated with different metal oxides, including iron oxides, to improve specific interaction with phosphate [9, [14] [15] [16] .
A key parameter for gauging the performance of an adsorbent is its adsorption capacity. Table S1 in Supporting information compares adsorption capacity of different iron oxide based adsorbents from literature. Normally adsorbent capacities are expressed in terms of mass of the total adsorbent. However when the adsorption capacity is expressed in terms of the iron present some adsorbents loaded with iron oxide show very high specific adsorption capacities. For instance, an earlier study [9] on GAC coated with magnetite (Fe 3 O 4 ), showed a very high maximum adsorption capacity of 141.8 mg P/g Fe indicating the iron oxide (magnetite) was formed as nanoparticles or as a thin layer which is accessible to phosphate. However, a calculation shows that even if monolayer coverage of the iron particles is assumed, less than 10 m 2 /g can be covered with iron oxide ((text S1(c)), whereas typically 700-1600 m 2 /g is available in GAC's (Tables S1 and S3 ). This suggests that optimization of the iron distribution may lead to a significantly improved capacity of phosphate adsorption in these adsorbents and this was the objective of our study. To achieve this we focused on two important aspects. Firstly, we studied the mechanism of coating iron oxide on GAC. Secondly, we evaluated the effect of pore size distribution (PSD) of the GAC in relation to coating iron oxide and adsorbing phosphate. While trying to improve adsorbents, the main focus is usually their surface area and not much attention is given to their PSD. The PSD may however be very important for a good distribution of these nanoparticles, because based on the size of the nanoparticles, not all pores might be available for coating. Also the pore size could influence the rate of diffusion of the phosphate molecules into the adsorbent. To the best of our knowledge, there are no earlier studies focusing on the effect of PSD of GAC based adsorbents in phosphate adsorption. Our study provides an insight on this aspect and explains how PSD could be key to improving iron based adsorbents for phosphate adsorption.
Experimental
Chemicals
Five different GACs were evaluated in the study and designated as GAC-1, 2, 3, 4 and 5 ( 
Characterizing surface area and PSD
About 0.1 g of dried samples were degassed overnight in the presence of nitrogen gas. Subsequently nitrogen adsorption and desorption cycles were carried out using Micromeritics TriStar 3000. The data from the nitrogen adsorption-desorption profiles were fitted with models included in the analysis software to obtain the Brunauer-Emmett-Teller (BET) surface and Barret-JoynerHalenda (BJH) PSD, and the pore area and PSD from Non Local Density Functional Theory (NLDFT).
Evaluating mechanism of iron oxide formation on GAC
The iron oxide coating on the GAC was done in two successive steps: first a reaction with an oxidizing agent then followed by reacting with ferric chloride solution. In between each step, the GAC was thoroughly washed with distilled water and oven dried (105°C). The GACs treated with KMnO 4 were washed till the washed solution turned from pink to colorless. After reacting with ferric chloride, the washing of the GAC was carried out until the iron content of the washed solution reached below the detection limit (0.2 mg Fe/L) when measured by iron color disc test kit. Unless otherwise mentioned, the solid to liquid ratio was 1 g GAC for 10 ml of solution, and all the reactions were allowed to proceed overnight ($18 h) and at room temperature (22°C).
Effect of different oxidizing agents
Initially, 5 g of GAC-1 was reacted with 5 M aqueous solutions of either H 2 O 2 , HClO 4 , HNO 3 , or with 0.4 M KMnO 4 . Subsequently, 3 g of the oxidized GAC-1 was reacted with 20 g Fe/L ferric chloride solution. The resulting iron oxide coated GACs are called Fe-GACs. The Fe-GACs were cross-sectioned and a surface elemental analysis was done at an acceleration voltage of 15 kV using Oxford Instruments x-act SDD Energy Dispersive X-ray Spectrometer (EDX).
Role of manganese in iron loading
For profiling the distribution of iron in relation to manganese, 5 g of GAC-1 was mixed with 200 ml of 0.4 M KMnO 4 in separate beakers for 15 min, 2 h and 24 h respectively. Three granules from each batch (after washing and drying) were analyzed for manganese distribution on their cross-section using EDX. The imaging was done using a JEOL JSM-6480 LV Scanning Electron Microscope (SEM). The change in mass of total granules as a result of taking 3 granules from each batch was negligible. The remaining granules from each batch were reacted in three separate beakers with 50 ml of 20 g Fe/L ferric chloride solution for 24 h. Preliminary experiments showed that iron loading equilibrium was reached within this timeframe. The GAC-1 from the different beakers was washed, oven dried and their cross-sections were analyzed for iron distribution using EDX.
For evaluating the anchorage of iron as a function of manganese released, 5 g of GAC-3 was reacted with a 0.2 M KMnO 4 solution and subsequently 3 g of oxidized GAC-3 was treated with 20 g Fe/L solution. 0.1 g of granules were sampled at different intervals of time (10, 30, 60, 120, 240, 375 min and 27 h). These samples were microwave digested using 67% HNO 3 . The iron and manganese concentrations in the digested solution was measured using a Perkin Elmer Optima 5300 DV Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). As will be explained in the discussion section, the anchorage of iron on manganese was evaluated by replicating the same conditions but in the absence of GAC. To determine this, 710 mg of MnO 2 was added to 50 ml of 20 g Fe/L, and the solution was monitored for iron and manganese concentrations at 15, 30, 60, 180, 360 min and 24 h.
Characterization of Fe-GAC
Fe-GAC based on GAC-3 (which had been produced by treating with 50 ml of 0.4 M KMnO 4 ) was dried and grinded. This sample was analyzed using Mössbauer spectroscopy to determine the type of iron oxide. Transmission 57 Fe Mössbauer spectra were collected at different temperatures with conventional constant acceleration and sinusoidal velocity spectrometers using a 57 Co (Rh) source.
Velocity calibration was carried out using an a-Fe foil. The Möss-bauer spectra were fitted using the Mosswin 4.0 program [17] . GAC-3, GAC-3 oxidized with KMnO 4 (having highest manganese loading), and Fe-GAC from GAC-3 (having highest iron loading) were examined with JEOL JEM 1400 Transmission Electron Microscope (TEM). The GAC-3 oxidized with KMnO 4 and corresponding Fe-GAC were also evaluated by X-ray diffraction measurements (XRD). The XRD measurements were carried out using a PANalytical X'Pert pro X-ray diffractometer mounted in the Bragg-Brentano configuration with a Cu anode (0.4 mm Â 12 mm line focus, 45 kV, 40 mA). The X-ray scattered intensities were measured with a real time multi strip (RTMS) detector (X'Celerator). The data were collected in the angle range 5°< 2h < 90°with a step size of 0.008°( 2h); total measuring time was 1 h.
Manganese and iron loading on GACs with different PSD
Fe-GACs were produced from GAC-1, 2, 3, 4 and 5 by reacting them with varying amounts of KMnO 4 . Since KMnO 4 is close to its solubility limit at 0.4 M, the amount of KMnO 4 available for the GACs was varied by a combination of adjusting the concentration and the solution volume. For GAC-1, 2, 4 and 5, 5 g of GAC was reacted with 25 ml of 0.08, 0.2, 0.4, and with 50 ml, 100 ml and 200 ml of 0.4 M KMnO 4 . GAC-3 had a low density and 5 g could not be completely submerged in 25 ml solutions. So these solutions were instead replaced with 50 ml of 0.04, 0.1, and 0.2 M KMnO 4 , so that the amount of KMnO 4 exposed per gram of GAC was constant for all GAC's.
Phosphate adsorption
For evaluating adsorption kinetics, Fe-GACs from GAC-1, 2 and 3, i.e. Fe-GAC-1, Fe-GAC-2, Fe-GAC-3, were added to 100 ml of 20 mg P/L at different intervals of time (5, 15, 30, 60, 90 , 120, 180, 360 min, 24, 48, 72 and 96 h). For determining the adsorption isotherms, Fe-GAC-1, Fe-GAC-2 and Fe-GAC-3 were added to 100 ml aqueous solutions with phosphate concentrations of 1, 5, 10, 25, 50, 75 and 100 mg P/L and the experiment was run for 96 h. For the adsorption kinetics as well the isotherms, the adsorbent concentration was 2 g/L, with solution pH of 6.5 and at room temperature (22°C). For Fe-GAC-1 and Fe-GAC-2 the samples with highest iron loading was used. However, for Fe-GAC-3, the sample with highest iron loading had become powdered. Hence, for Fe-GAC-3, the sample produced by treating with 50 ml of 0.4 M KMnO 4 was used, as this was still granular. To check adsorption of phosphate on KMnO 4 treated GAC, the GAC-3 treated with 100 ml of 0.4 M KMnO 4 was also tested at the same adsorbent dose and a phosphate concentration of 100 mg P/L. The phosphate concentration in solutions was measured using Metrohm 761 compact Ion Chromatograph (IC).
Data fitting and error determination
All the experiments were run as duplicates and the average value was reported with the standard deviation, unless otherwise indicated. For adsorption kinetics and isotherms, model parameters were fitted by a non-linear regression approach as per Microsoft Excel's Solver program. For determining the errors in fitted model parameters, the standard deviations of the parameter estimates (ĥ) were calculated from the covariance matrix. Here, the 2 Â 2 covariance matrix is calculated as follows:
where, n denotes the number of samples, p denotes the number of parameters, eðĥÞ denotes the error vector between the experimental and corresponding model output values, and XðĥÞ is the sensitivity matrix, which consists of the partial derivatives of the model output as a function of the estimated parameters. The standard deviations of the parameter estimates are calculated by taking the square root of the diagonal of the covariance matrix [18] . A more elaborate description on determining the sensitivity matrix is provided under text S2 in Supporting information.
Results and discussion
Characterizing the PSD of different GACs
As per International Union of Pure and Applied Chemistry (IUPAC), porous materials can be classified into three categories based on the pore diameters. These are macropores (>50 nm), mesopores (2-50 nm), and micropores (<2 nm) [19, 20] . The PSD of porous materials can be determined by gas adsorption and desorption profiles [21] , for example by a nitrogen adsorption analyzer. The gas adsorption and desorption profiles can be fit with models (inbuilt in the software) to obtain information on the specific surface area, porosity and PSD of the materials. These include classical, macroscopic models like BJH (Barret-Joyner-Halenda) [22] , or models like NLDFT (Non Local Density Functional Theory) which connect macroscopic properties to the behavior at molecular scale [23] . The main differences between these models are the underlying assumptions regarding the mechanism of pore filling. BJH models assume that pore filling via pore condensation results in well-defined interfaces in the pores. This assumption works for macropores and large mesopores, but fails to accurately describe micropores and small mesopores [23] . The NLDFT model considers the difference in thermodynamic properties of a fluid confined in a pore as opposed to bulk fluid, and is able to give a more accurate description of micropores and mesopores [24] . The NLDFT model is widely used for characterizing materials like activated carbon, which consist of a high fraction of micropores [25] . For the purpose of our study, we want to characterize the whole PSD (micro, meso and macropores) of the GACs and hence we evaluate the GACs using both the BJH and NLDFT models as shown in Fig. 1 . The PSD is also shown in terms of pore area instead of pore volume in Fig. S1 in Supporting information. It should be noted that the values obtained from the model are originally provided as a function of pore diameter intervals (graphs of incremental volume will be histograms) which are not equal. The plots are plotted in terms of average diameter (as is often done) for the clarity of the readers. Fig. 1(a and b) shows that the GACs have a higher fraction of macroporous volume in the following order: GAC-3 > GAC-2 > GAC-1. GAC-4 and GAC-5 were very microporous and hence could not be fitted by the BJH model. Fig. 1(c & d) confirms using the NLDFT model that GAC-4 and GAC-5 are completely microporous. The other GACs have a higher fraction of mesoporous volume in the following order: GAC-3 > GAC-2 > GAC-1. For all the GACs, more than 90% of the total pore area is contributed by micropores (Table S4 in Supporting information). Fig. 1 demonstrates that the different GACs have indeed different PSDs. This information is relevant for later discussions where we highlight the importance of PSD for coating iron oxides onto GAC and subsequently for phosphate adsorption. Other information on the different GACs like BET surface area, particle size and shape are provided in Table S3 in Supporting information.
Mechanism of coating iron oxide on GAC
Iron loading on GAC using different oxidizing agents
Amongst the different methods used for surface modification of activated carbon, the use of oxidizing agents is the most common method [13] . We used the same approach for coating of our GACs with iron oxide. Activated carbon has previously been coated with iron oxide by using nitric acid [26] . The hypothesis is that surface oxidation of GAC introduces oxidized functional groups to which the dissolved iron reacts to form iron oxides [26] . We used four commonly used oxidizing agents for surface modification of GAC, namely: H 2 O 2 , HClO 4 , HNO 3 and KMnO 4 . Fig. 2 describes the effect of the different oxidizing agents on iron loading on GAC-1. Fig. 2(a) shows that KMnO 4 resulted in maximum iron loading (54 mg Fe/g GAC). This was 7 times better than the next best oxidizer used (HNO 3 ). Fig. 2(b) shows the iron to oxygen molar ratio on the GACs as determined by EDX (Table S2 in Supporting information shows the oxygen and iron content for the different samples). Although EDX gives a semi quantitative estimate of the weight percentage of different elements, we only used this ratio for a relative comparison. It can be seen from Fig. 2(b) that Fe/O molar ratio for KMnO 4 is higher than for other oxidizers, suggesting that oxidation is not the only prerequisite for loading of the iron on the GAC.
Role of manganese in iron loading
In an earlier study [9] , the mechanism behind iron loading on GAC using KMnO 4 was proposed to be due to formation of manganese dioxide (MnO 2 ) on GAC. The hypothesis was that the KMnO 4 is reduced to manganese dioxide (MnO 2 ) on the GAC and that this MnO 2 plays a role in subsequent iron oxide formation. To check for the presence of MnO 2 on the oxidized GAC, the GAC with the highest loading of manganese was examined with XRD. However, there were no distinct peaks obtained that could be attributed to MnO 2 ( Fig. S3 in Supporting information) . This could be due to the amorphous nature of the GAC backbone. We checked the possible role of manganese in iron loading by mapping the manganese and iron distribution on GAC during the coating process (Fig. 3) . Fig. 3 shows that Fe distribution follows the Mn distribution on the GAC, which agrees with the hypothesis. We also found that the Fe and Mn distribution overlapped with the oxygen distribution, probably because the manganese and iron are expected to be present in their oxide forms. Another argument suggested in the earlier study [9] was that iron oxide formation occurs by displacing the manganese from the MnO 2 . To confirm this hypothesis, the amount of manganese and iron on GAC-3 was monitored as a function of time during the reaction of the oxidized GAC in a ferric chloride solution (Fig. 4) . Fig. 4 shows a correlation between iron anchorage and release of manganese from the GAC. The molar ratio of iron anchored to manganese released was close to 1 under this experimental condition. Along with Figs. 2(b) and 3, 4 confirms the hypothesis that manganese plays a role in iron anchorage.
Characterization of Fe-GAC
To determine the type of iron oxide formed on the GAC, the Fe-GAC on GAC-3 was powdered and analyzed with X-ray Diffraction (XRD). However, we could not determine the type of iron oxide by XRD (data not shown), implying the iron oxide could be amorphous. Thus Mössbauer spectroscopy was used to determine the type of iron oxide (Fig. 5 and Table 1 ), with the advantage that even iron oxides with low crystallinity (amorphous) can be detected [27] .
A earlier study [9] reports formation of magnetite (Fe 3 O 4 ) when the GAC treated with KMnO 4 is reacted with a ferric chloride solution. Using Mössbauer spectroscopy, a doublet formation at 297 K with an isomer shift of 0.36 mm s À1 and a sextuplet formation at 86 K with a hyperfine field of 44 T was reported [9] . Our Mössbauer spectroscopy measurements (Fig. 5 and Table 1 ) show a doublet formation at 300 K with an isomer shift of 0.36 mm s À1 and sextuplet formation at 4.2 K having an average hyperfine field of 42.5 T (maximum value at $45 T). It is possible that both studies have the same type of iron oxide. However, at 4.2 K the Fe 3+ ion of magnetite has a hyperfine field around 50 T [28] , whereas the hyperfine field we observed seems closer to ferrihydrite (around 46 T) [29] . Moreover, when the earlier study used 86 K, only 37% of the spectral contribution was magnetically split, and only 2% of the spectra were assigned an isomer shift that corresponds to Fe 2+ ion [9] . In contrast, our measurements at 4.2 K resulted in 100% of the spectral contribution being magnetically split and all of it being assigned to Fe 3+ ion. Thus our measurements are more suited to identify the type of iron oxide. Additionally, the broad magnetic field distribution of our sample (Fig. 5b) is a characteristic attributed to low crystallinity [30] , which also points out that the Fe-GAC is most likely to have ferrihydrite. This agrees with our XRD observation of not being able to identify the iron oxide (Fig. S3 in Supporting information). Reaction of KMnO 4 on activated carbon backbone to form MnO 2 has been reported multiple times [31] [32] [33] . However formation of magnetite on the KMnO 4 treated activated carbon backbone as per the earlier study [9] would require presence of ferrous ion (Fe 2+ ).
But the ferric chloride solution used for loading iron consists of ferric ion (Fe 3+ ) and the conditions do not favor formation of Fe 2+ . Therefore magnetite formation would not be possible and this is in line with our Mössbauer results. However, the exact mechanism of ferrihydrite formation has not been studied in our experiments and further study is needed to elaborate this mechanism. Our studies do establish that manganese loading is a prerequisite for iron loading on the activated carbon backbone.
To determine the size of the MnO 2 and ferrihydrite particles, the oxidized GAC and Fe-GAC formed using GAC-3 was observed with TEM ( Fig. 6 ). Fig. 6 shows the formation of needle like structures in oxidized GAC and Fe-GAC as compared to the GAC backbone. The size of these needle-like structures in the oxidized GAC as well as the Fe-GAC are above 10 nm. During the Mössbauer spectroscopy measurements a blocking temperature of around 25 K was measured for the ferrihydrite particles. As per literature, this indicates that the ferrihydrite particles in the Fe-GAC are around 4-5 nm [34] . The observed manganese particles are much bigger than the micropores and therefore it is unlikely that iron oxides are formed in the micropores in the subsequent treatment. Nevertheless during the coating process some of the smaller mesopores could be constricted to micropores because of the particles formed inside them. There might still be iron oxides found in such micropores.
Effect of PSD of different GACs
Manganese and iron loading on GACs with different PSD
Following the findings from the previous section, different GACs were treated with varying amount of KMnO 4 to find the optimum condition to maximize manganese loading (Fig. 7a) . The oxidized GACs were subsequently reacted with ferric chloride to determine the highest possible iron loading on the Fe-GACs (Fig. 7b) . Fig. 7(a) shows that the manganese loading onto the GACs increased by using higher concentrations of KMnO 4 . The overall manganese loading for the different GACs increased in the order: GAC-3 > GAC-2 > GAC-1 > GAC-4 > GAC-5. Fig. 7 (b) shows that the higher the manganese loading per GAC, the higher the iron loading on the GACs. This is in line with the hypothesis in Section 3.2 that manganese is required for iron anchorage on the GAC.
By comparing the results of Fig. 7(a) with Fig. 1 , it can be seen that GACs with a higher portion of mesopores and macropores (or less micropores) had higher manganese loadings. Consequently the iron loading is higher in these GACs. Another observation is the ratio between the iron loading and manganese loading. The iron loaded seems to increase linearly at low manganese loadings. At higher manganese loadings, the amount of iron loaded is much lower than manganese loaded. This suggests that there is residual manganese loaded on the GAC that is not used to anchor iron.
P adsorption on adsorbents with different PSD
Adsorption isotherms are a vital tool for characterizing the performance of adsorbents. Adsorption tests were run for 4 days as this is already a long time considering practical applications. Adsorption kinetics (Fig. S2 in Supporting information) were fitted with pseudo second order model to show that after 4 days we were within 5% of reaching equilibrium in all cases (Table S6 in Supporting info). GAC-4 and GAC-5 were not included for P adsorption isotherms since they showed very low iron loading and preliminary experiments showed they could not adsorb P. Fig. 8 shows the adsorption capacities for the different Fe-GACs as a function of final concentration of phosphate. Phosphate adsorption on iron oxides happens via ligand exchange reaction, in other words via chemisorption [35] . Therefore, the Langmuir isotherm model, which assumes chemisorption at the adsorption mechanism [36] , was used to fit the experimental adsorption data.
The Langmuir expression is:
where, q m = Maximum adsorption capacity (mg P/g), q e = Adsorption capacity at equilibrium (mg P/g), C e = Concentration at equilibrium (mg P/L), K L = Equilibrium constant for the Langmuir adsorption (L/mg P). Table 2 compares the Langmuir parameters of the different adsorbents in relation to their surface area, iron anchorage and residual manganese content. The residual manganese is the remaining manganese after the iron loading process. To determine if the manganese also plays a role in phosphate adsorption, oxidized GAC-3 with a very high manganese loading (200 mg Mn/g) but before iron anchorage was tested. It's adsorption capacity at the maximum phosphate concentration used in isotherms was 3.5 mg P/g. This is about 3 times lower than adsorption capacity of Fe-GACs. Therefore, even though the residual manganese in the Fe-GACs could contribute to phosphate adsorption, the iron contributes for a majority of the phosphate adsorption. Table 2 shows that the constant K L , which correlates with adsorption at lower phosphate concentration correlates rather to the iron content of the adsorbents than to the manganese content.
For application of adsorption as a polishing step in municipal wastewater treatment, we are most interested in examining the adsorption at low phosphate concentrations (<10 mg P/L). Therefore the initial slopes of the adsorption isotherm curves are most relevant. Fig. 8 shows that the different GACs vary in their P adsorption capacity especially at lower concentration, as indicated by the different slopes in the initial part of the curves. To quantify the difference in adsorption of GACs at lower concentrations, we make use of the Langmuir parameters. We define the term adsorption affinity as the constant that relates adsorption capacity to very low adsorbate concentrations. This term is determined by the slope of the Langmuir adsorption curve as the concentration of phosphate tends to zero. As C e ? 0 (and provided K L is finite) in the Langmuir equation, the equation becomes:
The term, q m K L , represents the slope of the initial part of the isotherm curve, and denotes the adsorption affinity. The above equation means that at very low concentrations, the equilibrium adsorption capacity depends on the total number of active sites rather than the number of unoccupied active sites. Fig. 9 shows that the adsorption affinity correlated with the porous area of the adsorbents if we assume a cut off pore size of 2 nm. However, if we assume a cut off pore size of 3 nm, we get a correlation with zero intercept which means a completely proportional relation. A majority of this porous area is in the mesopores as compared to the macropores (see Tables S4 and S5) , which highlights the importance of mesopores. For GAC-3, the mesoporous area increases after iron loading. This is possibly due to the high fraction of macropores in GAC-3, which gets constricted to mesopores during the coating process. One explanation for the microporous area not contributing to P adsorption affinity could be the iron coating process. Fig. 6 indicates that the MnO 2 particles are much bigger than the micropores and hence iron oxides would also not be formed in the micropores. Thus the only micropores in the Fe-GAC that contribute to the adsorption would be those that were formed as a result of pore blocking of mesopores. Hence a majority of the micropores would not be contributing to P adsorption. Additionally the diffusion of phosphate ions in the micropores could be difficult. Phosphate ions have a diameter of about 0.48 nm [37] . Thus the adsorbate molecule is in a similar order of magnitude to the micropores and this could lead to hindered diffusion in such pores [38] . The decrease in diffusion would especially be significant at low concentrations of phosphate where the driving force for diffusion is less. Thus the adsorption affinity would be largely related to mesopores and macropores. But because the surface area is significantly higher for the mesopores compared to the macropores, the mesopores will be the main contributing factor to adsorption. 
Table 2
Langmuir model parameters along with BET surface area, iron and residual manganese content of the adsorbents. 
Conclusion
High phosphate adsorption capacities can be achieved by coating high surface area backbones (like granular activated carbon) with iron oxide nanoparticles. This study shows that ferrihydrite nanoparticles can be coated on the GAC backbone using KMnO 4 . Manganese loading on the GAC as an intermediate step is important for this process. However this study shows that the manganese oxide particles that serve as a precursor for the ferrihydrite formation have needle like structures with a length of more than 10 nm. This result suggests that only a fraction of the total pore area in the GAC is actually coated with manganese oxide and iron oxide particles because the pore area in GAC is dominated by micropores with a pore size smaller than 2 nm. Testing of GACs with different PSD showed that the adsorption at low P concentrations correlates well with the mesoporous area of the adsorbents.
This result suggests that the applied coating method is best suited for backbones with predominantly mesoporous pore size distributions. Nevertheless the application on GAC's with predominantly micropores could still be of interest if these micropores can serve another function, for instance to adsorb micropollutants. Combined removal of phosphate (in the mesopores) and micropollutants (in the mesopores) could be an interesting prospect for polishing of sewage treatment effluents in light of stringent demands and limits to effluent quality.
